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The solar brightness varies on timescales from minutes to decades1, 2. Determining the sources
of such variations, often referred to as solar noise, is of importance for multiple reasons:
a) it is the background that limits the detection of solar oscillations3, b) variability in so-
lar brightness is one of the drivers of the Earth’s climate system4, 5, c) it is a prototype of
stellar variability6, 7 which is an important limiting factor for the detection of extra-solar
planets. Here we show that recent progress in simulations and observations of the Sun
makes it finally possible to pinpoint the source of the solar noise. We utilise high-cadence
observations8, 9 from the Solar Dynamic Observatory and the SATIRE10, 11 model to calcu-
late the magnetically-driven variations of solar brightness. The brightness variations caused
by the constantly evolving cellular granulation pattern on the solar surface are computed
with the MURAM12 code. We find that surface magnetic field and granulation can together
precisely explain solar noise on timescales from minutes to decades, i.e. ranging over more
than six orders of magnitude in the period. This accounts for all timescales that have so
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far been resolved or covered by irradiance measurements. We demonstrate that no other
sources of variability are required to explain the data. Recent measurements of Sun-like
stars by CoRoT13 and Kepler14 uncovered brightness variations similar to that of the Sun
but with much wider variety of patterns15. Our finding that solar brightness variations can
be replicated in detail with just two well-known sources will greatly simplify future modelling
of existing CoRoT and Kepler as well as anticipated TESS16 and PLATO17 data.
The advent of spaceborne measurements in 1978 led to the revelation that the Total Solar
Irradiance (TSI, which is the spectrally integrated solar radiative flux at one au from the Sun)
varies on multiple timescales.
The magnetic field has been named as the main source of solar irradiance variations on
timescales of a day and longer4, 5. The largest concentrations of field at the solar surface are seen
as dark sunspots, while ensembles of small concentrations form more diffuse bright faculae18. The
transits of magnetic features across the visible solar disk as the Sun rotates as well as their evolution
cause quasi-periodic irradiance modulation on timescales of days to weeks, while changes in the
overall magnetic activity level lead to irradiance variations on longer timescales.
Models based on the concept that magnetic fields at the solar surface are responsible for
irradiance variations successfully reproduce available measurements of solar brightness variations
on timescales longer than a day4, 5. At the same time the sources of variations on shorter timescales
have until now remained unclear. These timescales are typical of planetary transits across the disks
of Sun-like stars. Consequently, the absence of a clear picture of brightness variability even in the
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case of the Sun hinders assessing the critical limits put by stellar variability on the detectability of
exoplanets.
Here we show that recent advances in observations and modelling allow reproducing TSI
variability with high precision at all timescales from minutes to decades. We compute the magnetic
component of the TSI variability with the SATIRE-S model10 (Spectral And Total Irradiance Re-
construction, with the suffix “S” denoting the “satellite-era”), which is one of the most successful
and refined models of magnetically-driven solar irradiance variability4, 9. The high-cadence solar
magnetograms and continuum images recorded by the Helioseismic and Magnetic Imager onboard
the Solar Dynamics Observatory (SDO/HMI)19 allowed us to expand SATIRE-S for calculations of
magnetically-driven TSI variability on timescales down to 12 minutes (see Methods section). Our
calculations of granulation-driven TSI variability are based on recent 3D simulations20 of convec-
tive gas currents both, above and below the solar surface with the MURAM12 code (see Methods
section).
Some statistical models21, 22 of TSI variability account for larger convective structures, such
as supergranules and mesogranules. However, currently there is no evidence that these structures
have an intrinsic brightness contrast of non-magnetic origin23 so that we do not include them in our
modelling. We also refrain from including oscillations (which dominate TSI variability at periods
about 5 minutes and have been extensively used for helioseismology) in our modelling and focus
on the TSI variations considered in helioseismology as noise.
While the amplitude of the granulation component of the TSI variability does not depend on
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Table 1: The intervals of the TSI evolution considered in this study.
Interval Period Cadence Solar activity
October 2010 04.10.2010 – 31.10.2010 2 min low
August 2011 23.07.2011 – 16.08.2011 2 min transit of a large sunspot group
August 2012 10.08.2012 – 01.09.2012 2 min high facular, low spot coverage
Long 01.01.1996 – 06.04.2015 1 day most over cycles 23 and 24
time, the magnetic component is linked to the specific configuration of faculae and spots on the vis-
ible solar disk and thus depends on solar magnetic activity. Therefore we consider four intervals of
the TSI record representing different levels of activity (Table 1). The three one-month intervals at
2-minute cadence allow studying the high-frequency component of the variability (Fig. 1), whereas
the 19-year interval with a daily cadence is used to assess long-term changes.
Our calculations show that the TSI variability on timescales of 5 hours (dashed lines in Fig.
1b, e, h) and shorter is entirely due to the granulation. The power spectrum is almost flat at
periods between 1 and 5 hours (except statistical noise). For periods less than an hour the power
decreases with frequency due to the increasing coherence between granulation patterns. Since the
period corresponding to the transition between the flat and decreasing parts of the power spectrum
depends on the mean granule lifetime24, the power spectra of stellar variations, observed with the
Kepler and CoRoT (and in future TESS and PLATO) missions, could provide a sensitive tool for
determining lifetimes of stellar granules.
Both, the granulation and the magnetic components of the TSI variability are important on
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Figure 1: Short-term TSI variability at three intervals of very different activity level and
variability of the Sun. a, d, g. Calculated TSI variations (orange), the total magnetic (black),
facular (red), and spot (blue) contributions to the TSI variation for three one-month intervals listed
in Table 1. The plotted curves have been offset around zero for clarity. b, e, h. Global wavelet
power spectra of the calculated TSI variations. In addition to the variability components shown
in a, d, g also the granulation components (green) are plotted. The vertical dashed lines indicate
the period of 5 hours. c, f, i. Global wavelet power spectra of the observed (gray) and modelled
(orange) TSI variations. Plotted are the TSI variations calculated with and without correcting HMI
data for the orbital velocity (thick and thin orange curves, respectively). The “X” symbol indicates
the threshold between the PREMOS and VIRGO segments of the observed wavelet power spectra.
The full description of the observed and modelled datasets is given in the Methods section.
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timescales of 5 to 24 hours, while at longer periods the TSI variability is dominated by the magnetic
field. To better illustrate the role of faculae and spots we also separately plot the magnetically-
driven variability due to spots and faculae.
It has been recently noticed2 that while TSI varies at a level of 200 ppm on timescales of
minutes and exhibits significantly larger variations on timescales of days, transits of inner planets
across the solar disk (in particular, the Mercury transit on May 9 2016 with a resulting TSI de-
crease of 50 ppm) could be clearly distinguished from solar noise in the TSI data. Our modelling
allows explaining this curious observations: magnetically-driven TSI variations on timescales of
planetary transits are small, while granulation-driven variations can be averaged out by smoothing
TSI over time. For late-type stars the threshold timescale between granulation- and magnetically-
driven brightness variations is expected to be a function of magnetic activity (compare the crossings
between the green and black lines in Figs. 1b, e, h), spectral class, and metallicity.
To test our calculations against observations we have utilised TSI time series obtained by the
PREMOS instrument25 onboard the PICARD mission and the VIRGO instrument26 onboard the
Solar and Heliospheric Observatory (SOHO). The PREMOS and VIRGO data are complementary
in a sense that they allow reliable calculation of the TSI power spectra on timescales longer and
shorter than 3.5 hours, respectively (see Methods section). Consequently, we have created the
PREMOS/VIRGO composite TSI power spectra (see Methods section and Extended Data Figure
1) for the three one-month intervals considered in this study.
The model reproduces the power spectra of the TSI in August 2011 and August 2012 re-
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markably well (Fig. 1f, i). The deviation at timescales of about 5 minutes is due to the p-mode
oscillations which are not included in our model. For the October 2010 interval, the agreement
worsens somewhat at timescales of about 10–20 hours, which might be a signature of overcorrec-
tion of the SDO/HMI data for the orbital velocity (see Methods section and Extended Data Figure
2).
We have merged (Fig. 2) the power spectra calculated for the August 2011 (keeping its 4
minutes – 7 days part) and “Long” (the 7 days – 19 years part) intervals. On the observational
side we have merged corresponding parts of the PREMOS/VIRGO composite power spectrum for
August 2011 and power spectrum calculated employing TSI values from the PMOD composite27,
which is a de facto standard observational dataset of daily TSI time series.
Our calculations accurately reproduce observed TSI variability on timescales covering more
than 6 orders of magnitudes (4 minutes – 19 years), over which the power spectral density changes
by 8 orders of magnitudes (Fig. 2). Thus a joint action of granulation and magnetic field fully ex-
plains TSI variability (excluding the 5-minute oscillation component). The remarkable agreement
between the model and the measurements cogently demonstrate that our understanding of these
mechanisms, and the TSI variability in general, is fundamentally correct.
Our model allows us to separately look at the magnetically-driven variability associated with
spots and faculae. The transition between faculae- and spot-dominated regimes of the TSI variabil-
ity occurs at a timescale of about one year (Fig. 2). Although magnetic TSI variations at timescales
less than a year are primarily due to spots, the contribution of faculae to the TSI variability is still
7
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Figure 2: TSI variability on timescales from 4 minutes to 19 years. Main panel, power spectra
of modelled (black) and measured (orange) TSI variations. The plus sign indicates the threshold
between power spectra for 1996-2015 and August 2011 time intervals (see Methods section for
details). Inset, magnetically-driven TSI variations calculated with daily cadence (black) and their
facular (red) and spot (blue) components. The vertical dashed lines indicate 11-year and 27-day
periods.
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rather significant and comparable to that of spots at timescales of 2 to 7 days as well as at the
solar rotational period, 27 days. The amplification of the facular signal at 2–7 days timescales is
associated with the strong dependence of the contrast of faculae on their position on the visible
solar disk28, while the peak at 27 days is attributed to long-lived large concentrations of faculae
(whose lifetime can be up to several solar rotation periods).
Interestingly, the pronounced 27-day peaks in spot and facular components of TSI variability
essentially cancel each other so that the total power spectrum is almost flat around the 27-day pe-
riod. This implies that white light observations are not well suited for determining periods of stars
similar to the Sun and explains the poor performance of standard methods of period determination
for stars older than the Sun29.
The success of our model in replicating observed TSI variations with two well-understood
components might be considered as a proof of concept for developing a similar model for Sun-like
stars and explaining the data obtained by the existing and planned planet-hunting space missions13, 14, 16, 17.
This is a feasible task since a) reliable simulations of granulation patterns on main sequence
stars are gradually becoming available20, 30, b) new methods for extrapolating the magnetically-
driven brightness variations from the Sun to Sun-like stars with various levels of magnetic ac-
tivity observed at arbitrary angles between rotational axis and line-of-sight have been recently
developed6, 28.
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Methods
High-cadence TSI data
We have utilised TSI data obtained by the PMO6-V radiometer of the VIRGO instrument onboard
the SOHO mission and by the PREMOS absolute radiometer onboard PICARD mission (Extended
Data Fig. 1) to test our model. VIRGO records TSI with 1-minute cadence. Because of the failure
of the shutter, the photon recording is not interrupted by the calibration procedure31. This results in
an advantage for this study, leading to a negligibly small high-frequency noise level of the VIRGO
data32. The drawback of the shutter failure is that VIRGO is unstable on timescales from about 3–5
to about 100 hours (one can clearly see the signature of the instrumental variations on such scales
in the form of excess power in Extended Data Fig. 1b, c, d). The amplitude of the TSI variability
recorded by VIRGO at these timescales is mainly attributed to the instrumental effects (e.g. it does
not depend on solar activity level, see Extended Data Fig. 1f). PREMOS records TSI with 2-minute
cadence, but unlike VIRGO it interrupts for calibration every minute. While individual PREMOS
measurements are less precise than those of VIRGO, they do not suffer from the VIRGO calibration
problems. Building on the complementary character of the PREMOS and VIRGO data we have
created composite power spectra for three one-month intervals, using VIRGO and PREMOS on
timescales below and above 3.5 hour, respectively (Extended Data Fig. 1.e, f, g).
SATIRE model
The magnetically-driven TSI variability presented in this study is calculated with the SATIRE
model. SATIRE decomposes the visible solar disk to magnetic features and the quiet Sun. The
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Extended Data Figure 1: Spaceborne measurements of TSI variability. a. TSI measured by
PREMOS/PICARD between October 2010 and December 2012. Black vertical lines constrain
three one-month intervals studied here (Table 1). b, c, d. TSI measured by VIRGO (orange) and
PREMOS (magenta) during the three intervals studied here. In all three panels day zero refers
to the first day of the corresponding interval. e, f, g. Global wavelet power spectra of the TSI
variability measured by PREMOS (magenta) and VIRGO (orange) calculated for intervals shown
in b, c, d. The vertical dashed lines indicate the period of 3.5 hours used as a threshold, with the
PREMOS data being taken on the left (lower frequencies) and the VIRGO data on the right (high
frequencies) to form the composite power spectra.
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magnetic features are subdivided into three classes, faculae which encompass all bright magnetic
features, sunspot umbrae, and sunspot penumbrae. The quiet Sun represents the part of the solar
disk not covered by magnetic features. SATIRE calculates the full-disk solar brightness by weight-
ing the fluxes from the magnetic features and the quiet Sun with their disk area coverages, taking
into account positions of the magnetic features on the solar disk.
The spectra of the magnetic features and the quiet Sun have been pre-calculated33 on a fine
grid of wavelengths and disk positions with the ATLAS9 code34, 35. The source of the information
about the disk area coverages and positions of magnetic features depends on the branch of the
SATIRE model. For this study, we employ SATIRE-S, which is the most accurate implementation
of SATIRE. SATIRE-S infers the disk area coverages of magnetic features and their positions from
full-disk solar magnetograms and continuum images9, 36.
12-minute SDO/HMI magnetograms
Our modelling requires high-cadence information about the evolution of magnetic features on the
visible solar disk. Such information is available since May 2010 thanks to the SDO/HMI instru-
ment. It simultaneously records continuum intensities and longitudinal magnetograms every 45
seconds. SDO/HMI data have been already used in conjunction with SATIRE-S for modelling
solar variability on timescales longer than a day in the study by Yeo et al. 20149. We followed this
approach but instead of producing 315 seconds averages as done by Yeo et al. 20149 we utilised
the 12-minute magnetograms and intensity images, which is less tedious and just as accurate.
To derive the disk area coverages of magnetic features, the 12-minute SDO/HMI magne-
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tograms have been processed by the pipeline described in Yeo et al. 20149 ,with one important
exception. To avoid inconsistencies between SATIRE-S segments based on magnetograms from
different instruments, Yeo et al. 20149 corrected SDO/HMI magnetograms for noise using the maps
of the noise level of Michelson Doppler Imager onboard the Solar and Heliospheric Observatory
(SOHO/MDI). These maps were calculated with the Ortiz et al. 200237 algorithm. In contrast, we
directly applied the Ortiz et al. 200237 algorithm to the SDO/HMI magnetograms. The noise level
of SOHO/MDI is substantially higher than that of SDO/HMI so that the magnetograms reduced in
this study contain more small-scale magnetic features with low magnetic flux than magnetograms
reduced in Yeo et al. 20149.
The Doppler shift caused by the SDO orbital velocity8 triggers a noticeable 24 hours pe-
riodicity into the magnetic flux deduced from the HMI magnetograms and into the subsequently
calculated TSI contribution by faculae (Extended Data Fig. 2, blue lines). To take this into account
we have calculated the mean signature of the 24 hours variations in the facular component for each
of the three periods examined in this study (Extended Data Fig. 3) and subtracted it from the total
magnetic and facular light curves (Extended Data Fig. 2, red lines). Since this procedure might
also remove part of the real TSI variability we plot both power spectra, those based on corrected
and those based on uncorrected light curves and compare them to the measurements (Fig. 1).
Free parameter
The SATIRE-S model has a single free parameter Bsat, which represents the minimum magne-
togram signal from a pixel fully filled by the magnetic field11. If the magnetic signal in the pixel,
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Extended Data Figure 2: Correction of the facular TSI component for the instrumental 24-
hour harmonic. The facular TSI component calculated utilising 12-minute HMI/SDO magne-
tograms before (blue) and after (red) correction for the instrumental 24-hour harmonic.
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Extended Data Figure 3: The 24-hour harmonic in HMI/SDO magnetograms. The facular TSI
component calculated utilising 12-minute HMI/SDO magnetograms is split into 24-hour intervals.
Its variations in each interval are detrended and plotted over each other (blue curves). Red curves
represent the averages of blue curves in each of the panels and are used to correct the TSI variations
for the instrumental 24-hour harmonic.
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B, is smaller than the Bsat value, then it is assumed that B/Bsat part of the pixel is covered by
faculae. If B > Bsat then the pixel is assumed to be fully covered by faculae. Yeo et al. 20149
found that the Bsat value of 230 G optimises the agreement between the TSI output of SATIRE-S
and TSI time series obtained by the PMO6V radiometer on SoHO/VIRGO.
To determine the Bsat value for 12-minute magnetograms we downloaded one SDO/HMI
magnetogram per day for 30 April 2010 – 31 July 2015 period and calculated daily TSI recon-
struction. A Bsat value of 280 G was found by optimising the agreement between our TSI recon-
struction and that of Yeo et al. 20149. This value is greater than that in Yeo et al. 20149 because of
the presence of a larger amount of small-scale weak magnetic features in magnetograms employed
in our study.
Granulation-driven TSI variability
To quantify the variability introduced by convective motions at the solar surface we used purely hy-
drodynamic (i.e. with no magnetic field) simulations with the MURAM12 (stands for MPS/University
of Chicago Radiative MHD) code. These simulations cover the upper part of the convection zone
and the photosphere in cartesian boxes. To use these boxes to quantify brightness variability we
would ideally tile the solar surface in the way describe by Beeck et al. 2013a38 using a relatively
long simulation covering multiple supergranules. We would then perform detailed calculations of
the radiative transfer at a large number of viewing angles and then combine these to obtain the
strength of the fluctuations.
To test whether this full apparatus was required, we performed this detailed analysis for the
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small (9 Mm in both horizontal directions, 3 Mm in the vertical direction) G2V solar simulations
described in Beeck et al. 2013b20. To save time for the purposes of the test, we used four snapshots
separated in time by 19 minutes (making the radiative output essentially uncorrelated for these
small boxes as the granulation structure has changed completely between any two snapshots). For
each position the mean and standard deviation were calculated and these were used to calculate
the disk integrated average brightness and variability under the assumption that the fluctuations
at different positions were uncorrelated. We found that the relative variability (here defined as the
standard deviation divided by the mean) was 2.05×10−5. We then calculated the relative variability
using the same four snapshots assuming that the variability of the flux per unit area on the disk is
independent of disk position. This yielded a variability of 1.88 × 10−5 which is within 8% of the
more detailed calculation.
On the basis of the above finding we then used the vertically emerging radiative flux from a
time sequence from a large hydrodynamic simulation (196 Mm in the horizontal directions). The
variability at different timescales was derived, and this was converted to a variability for the entire
disk of the Sun by scaling it by a factor of
√
d2/piR2, where d = 196 Mm.
Comparison of calculated and observed TSI variations
Using high-cadence full-disk observations from SDO/HMI we reconstructed magnetically-driven
TSI variability over the three one-month intervals considered in this study (see Table 1) with 12-
minute cadence. The granulation-driven TSI variability, at 1-minute cadence, was simulated over
the examined time intervals by consecutively repeating the 15-hour MURAM time series. This
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was imposed on the magnetically-driven TSI variability to yield 1-minute cadence time series of
magnetically- and granulation-driven TSI variability.
We compared the TSI reconstruction to the 2-minute cadence TSI measurements obtained
by PICARD/PREMOS and the 1-minute cadence TSI measurements from SOHO/VIRGO. Since
variations on the 2-minute timescale (which corresponds to the Nyquist frequency of 1-minute
cadence data) are still dominated by the p-mode oscillations and PREMOS data are only available
with 2-minute cadence we considered every second point in the synthesised and VIRGO time
series.
There are gaps in the VIRGO, PREMOS, and modelled time series (the latter are caused by
breaks in the SDO/HMI data). In each comparison, we only considered the times at which data
from all considered time series are available. For example, the wavelet power spectra in Fig. 1c,
f, i have been calculated utilising only those times at which VIRGO, PREMOS, and modelled
data points were simultaneously present (this is the reason for orange curves, representing power
spectrum of granulation component of TSI variability, being not identical in Fig. 1b,e,h). The
proportion of the period for which all three sources of data are available is about 90% in all three
considered time intervals. The gaps have been filled by linearly interpolating across them.
The daily TSI values for the “Long” interval (see Table 1) have been calculated following the
approach of Yeo et al. 20149 and compared to the observed values from the PMOD composite27.
The latter is currently a de facto standard observational dataset and is largely based on the VIRGO
data for the period considered in this study. The modelled and measured power spectra shown in
18
Fig. 2 were obtained by merging 4 minutes – 7 days and 7 days – 19 years parts of corresponding
power spectra calculated for the August 2011 and “Long” intervals (see Table 1).
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